The methodology developed for predicting nuclear waste behavior under disposal conditions combines experimental approaches and modeling. A waste glass canister placed in contact with water undergoes irreversible chemical processes leading to its degradation into more stable phases. This transformation occurs in three kinetic stages: the initial alteration rate (stage I), the residual rate (stage II), and, in some cases, a resumption of alteration (stage III) related to zeolites precipitation. Affinity effects based on the transition state theory are used to account for the rate drop from stage I to stage II. However, modeling of stage III has not been extensively studied. This study investigates the ability of the "glass reactivity with allowance for the alteration layer" (GRAAL) model to describe the effect of zeolite precipitation on the dissolution kinetics of the international simple glass (ISG). The GRAAL model-based description of the alteration layer was adapted to account for alkaline pH alteration mechanisms. A model describing the nucleation and growth kinetics of zeolites was proposed based on simple formalisms whose parameters can be inferred from previous studies' results. These improvements give a description of the moment where a resumption of alteration occurs. As the predictive capacity of the GRAAL model is strongly dependent on the appropriateness of the alteration layers' description, this work shows the need to develop new functions to describe the evolution of their compositions and solubilities with pH changes. Calculations also show the importance of Al and Ca activities and the effect of Al on the silica solubility.
INTRODUCTION
In France, Japan, Russia, the UK, and the USA, high-level radioactive waste arising from dismantling operations or spent fuel recycling process, consisting of fission products and minor actinides, are confined by vitrification. The reference solution for the management of these waste packages over geological timescales is their storage in a deep, low-permeability and stable geological formation. The development of a methodology for predicting waste behavior under disposal conditions for much longer periods than those experimentally achievable began in the 1980s, marking the birth of "long-term behavior science" combining experimental approaches and modeling. [1] [2] [3] [4] [5] [6] A waste glass canister placed in contact with water undergoes irreversible chemical processes: water diffusion, ion-exchange, hydrolysis, condensation, and precipitation reactions. As a result, the glass components can form an amorphous, porous, hydrated, and potentially passivating material (hereafter called "gel") or precipitate into crystalline phases. Under disposal conditions, the above processes are linked to different kinetic stages: the initial rate (stage I), followed by the rate drop to the residual rate (stage II), and in some cases a resumption of alteration (RA) 7 (stage III) related to the precipitation of zeolites.
To date, affinity effects based on the transition state theory (TST) have been used to account for the rate drop. The first mechanistic model describing glass alteration was proposed by Grambow 2 and was based on Aagaard and Helgeson's first-order kinetic law. 8 Equation (1) 2 represents the achievement of a maximum rate that decreases with the increase in the H 4 SiO 4 activity a H4SiO4 ð Þ in solution with the reaction progress, ξ, and becomes theoretically null when a H4SiO4 = a H4SiO4;sat in the stationary state, defined as the saturation state with respect to amorphous silica a H4SiO4;sat À Á .
r t ð Þ ¼ k þ ξ ð Þ 1 À a H4SiO4 a H4SiO4;sat (1) As described below, most of the models developed to date are based on an affinity term, that can be written with respect to a rate-limiting compound which could be a siliceous phase 2, 9 or a multi-element phase [10] [11] [12] such as the pristine glass itself, 13,14 a hydrated glassy structure depleted in alkalis 15 or an amorphous gel. 16 The nature and the way the rate-limiting phase forms is still a topic of debate. Glass dissolution is most often modeled by a first-order law meaning that the rate becomes null when equilibrium is reached. This does not agree with the experimental work showing that the alteration does not stop after the saturation conditions are reached. [17] [18] [19] Grambow and Müller 20 proposed an extension of the previous models coupling water diffusion and dissolution mechanisms where water penetration becomes a prerequisite for glass dissolution. RA has also been the subject of modeling studies. Van Iseghem and Grambow 21 were the first to model a RA using PHREEQE/ GLASSOL codes. Their calculations predicted an acceleration of the alteration rate when Na and Al concentrations reached the solubility limit of analcime. Using this model, a RA can only be predicted by the first-order law if a H4SiO4 decreases, which is not at all the case in most experiments (Fournier et al. 7 and references therein) and calls into question the rate-limiting step. Van Iseghem and Grambow's calculations 21 were also the first to indicate that some glass compositions are unstable with respect to zeolites. The scope of this work was extended by Strachan and Croak [22] [23] [24] who based their calculations on the stability fields of potential glass alteration products depending on Si, Al, B, N, Ca, and Li glass contents, and reaction progress. Finally, the ACT™ model 25 proposed a description of glasses based on their energy and entropy differences from a normative "crystalline reference state" and revealed that for most of the nuclear glass compositions investigated, the Si content is adequate to maintain a residual rate regime and avoid RA. These glass alteration models do not take into account the role of Al in the formation of a passivating gel, nor the need to maintain a sufficient Si density in the gel to ensure passivation. Moreover, these are not kinetic models where time is a parameter.
The "glass reactivity with allowance for the alteration layer" (GRAAL) model is based on the influence of the gel and its composition on the glass dissolution rate. 26 The model is built using a kinetic law taking into account the coupling between the affinity effects and the diffusion processes in the gel and calculates mass balances to evaluate the distribution of the elements from glass alteration between solution, secondary minerals, and gel. Until now, the GRAAL model has been parametrized for pH values between 6 and 10 at temperatures of 25 and 90°C and has been used to explain the effects of the glass surface area-to-solution volume-ratio, solution renewal rate 27 and groundwater composition on glass long-term behavior, 28 or to quantify the reactivity between glass and near-field minerals. [29] [30] [31] The objective of this study is to examine the potential of the GRAAL model to describe the processes involved in glass RA. Such an approach would allow a temporal projection beyond durations accessible experimentally. Moreover, processes involving many mechanisms, the modeling allows understanding their potential couplings and the role of various parameter such as the pH or the solution composition. As GRAAL is implemented in the geochemical CHESS/HYTEC code, 32 the question is to determine whether the formalism implemented in this code can help describe the nucleation-growth of zeolites to the detriment of glass. The main hypotheses and parameters were deduced from experiments conducted by Fournier et al., 33 dedicated to the understanding of RA. The glass used was the international simple glass (ISG) a six oxides (SiO 2 , B 2 O 3 , Na 2 O, Al 2 O 3 , CaO, and ZrO 2 ) reference glass of nuclear interest. 34, 35 In Fournier et al., 33 glass RA characterization, easier at alkaline pH, was extended to lower pH levels thanks to seeding that reduces, or even eliminates, the latency period preceding RA. In such seeded tests, the zeolites growth prevails over any new nucleation, so that the joint use of seeded and unseeded tests allow for deconvoluting growth and nucleationgrowth phenomena.
RESULTS

Equations describing zeolites nucleation and growth
All the variables in the equations in the manuscript are summarized in Table 1 . These equations were written to account for tests where zeolites nucleate and grow, and zeolite-seeded tests 33 where seeds growth predominates compared to neoformed zeolite nucleation.
Case of unseeded tests. In the proposed approach, zeolite nucleation takes place on the outer surface S of the gel and is carried out at a rate: r n = γ n × S. Assuming that the nucleation rate and surface are constant in time, the amount of formed nuclei as a function of time is expressed as: n n (t) = γ n × S × t. This hypothesis of consistency of the nucleation surface seems reasonable since experiments show that zeolites precipitate on the outer surface area of the gel which remains constant over time. However, it does not take into account the surface reduction due to zeolite precipitation.
In the plane of the zeolite/gel interface, these nuclei occupy a surface area provided for growth S c (t) = n n (t) × σ n = γ n × S × t × σ n expressed as a function of their specific surface area σ n projected in this same plane. At this stage, it is assumed that the zeolite crystals grow from nuclei in a single direction (perpendicular to the gel surface, Supplementary Fig. 1 ) in agreement with the main direction for zeolites growth as they cover the glass surface.
After nucleation, the zeolites grow ("perpendicularly to the glass surface") at a dn z (t)/dt = γ c × S c (t) rate. Assuming that γ c does not depend on time, integrating the rate leads to n z (t) = (γ c × γ n × S × σ n /2) × t 2 expressing the evolution of the zeolites amount formed in time as a function of t 2 . Note that γ c actually varies with the solution supersaturation with respect to zeolites, and therefore with time. The CHESS/HYTEC code allows a numerical resolution of this dependency as it will be further explained. Since the specific surface area of the nuclei is not known, only the "nucleation frequency" f n = γ n × σ n can be derived from experimental data, 33 using Eq. (2):
Seeded tests. In seeded tests, nucleation is assumed to be negligible compared to the growth of seeds initially introduced. In this case, the seeds surface area S c is independent of time. This hypothesis is justified by experimental evidence 33 qualitatively indicating that the amount of neoformed zeolites is negligible and the seeds growth can be reasonably simulated by the unidirectional growth of a set of needles with a total surface area, S c , close to the geometrical surface area of the seeds (Supplementary 
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Precipitation rate of zeolite Na-P2 2 ). Equation (3) is then obtained, where the zeolites amount is a linear function of time.
Description of the alteration layer: gel and secondary phases As already mentioned, the GRAAL model is currently parametrized for pH values between 6 and 10 at 25 and 90°C, with a gel represented by a set of end-members (refer to the "Methods" section for more details). The model considers that the passivation properties of the gel are conditioned to the formation of a silicoaluminous end-member, called passivating reactive interphase (PRI). Thus, the current set of end-members cannot properly describe the gel formed at alkaline pH because the solutions are under-saturated with respect to the Si-Al composition of the PRI. Therefore, a new set of end-members must be defined to account for the gel formed in an alkaline medium where the RA is likely to take place.
Calculation of activities in solution.
The activities of the dissolved elements are used to write dissolution-precipitation reactions and to calculate saturation indexes. We calculated the activities of Si, B, Na, and Al using the CHESS code and the ThermoChimie database as well as data from unseeded tests described in Fournier, et al. 33 The activities of Ca and Zr cannot be derived from solution analyses (incoherent Ca concentrations and too low Zr concentrations). Therefore, the activity of Ca was approximated by considering the solubility product of the "CSH0.8" phase with a 0.8 Ca/Si ratio close to that measured by Gin et al. 36 under close experimental conditions (Ca/Si ≈ 0.5). The activity of Zr was calculated at equilibrium using data from the most soluble phase of zirconium hydroxide in the database at the calculated average pH.
Gel passivating end-member: PRI. In the model, the glass alteration kinetics was described by the deviation-from equilibrium between PRI and the solution. The variation of the PRI ionic product, Q PRI , must then account for the activities in solution before the resumption of alteration (this period is called "plateau phase" by Fournier et al. 33 ) and the alteration rate variations. In an alkaline environment, it is necessary to make the PRI less soluble than in its current state so it can account for the dissolved Si activities during the plateau time period preceding the RA. 33 We chose to add Ca into the PRI because it has a stronger affinity for the gel 37 than Na. Given the chemical complexity of the system, it is necessary to make simplifying assumptions to carry out the calculations. Their relevance will be further discussed. We assumed that: the effect of Zr on Q PRI is negligible, Ca is incorporated into the PRI maintaining a 1:2 Ca:Al ratio, 38 and no Na is added to the PRI in the presence of Ca. 38 To constrain the Si/Al ratio of the PRI, we use the PRI first-order dissolution law: r(t) = r 0 × (1 − Q PRI /K PRI ) and compare the experimental Q PRI /K PRI ratio, equal to 1 − r(t)/r 0 , to the calculated one at each sampling time. This indicates that the Si/Al ratio of the PRI should be in the 0.1-0.7 range. The best fit with the experimental data leads to the chosen stoichiometry: SiAl 0.3 Ca 0.15 O 2.6 . The solubility constant of the PRI, K PRI , is supposedly equal to Q PRI when r(t)/r 0 → 0 by assimilating the glass dissolution rate to that of the PRI. Thus, the solubility of the PRI can account for the concentrations during the plateau phase under alkaline pH as well as for the RA rate remaining lower than the initial rate. 33 The characteristics of this end-member account for the roles of Al and Ca on Si condensation at pH > 10 and the inadequacy of Eq. (1) formalism that only takes into account silicon in the affinity term. Moreover, it reflects that the gel is enriched in Al and Ca compared to Si which is very soluble at pH > 10. 39 Secondary phases: zeolites and C-S-H. Experimental data 33 show that the mobilization of Al in the secondary phases is negligible during the plateau period and that Al is then progressively retained in the zeolites until it is entirely incorporated into alteration products during the RA. The same behavior is attributed to Ca mobilized in C-S-H. The amounts of Si mobilized in zeolites and C-S-H are calculated using molar ratios: Al/Si = 0.5 33 for zeolites and Ca/Si = 0.8 40 for C-S-H. At high reaction progress, it is hypothesized that zeolites and C-S-H eventually "control" Al and Ca activities, respectively.
The composition and solubility product of the Na-P2 zeolite observed in tests 33 and absent from the ThermoChimie database 41 are derived from dedicated experimental data (Supplementary Discussion). Its precipitation (Eq. (4)) and dissolution (Eq. (5)) rates are modeled using equations derived from TST. 8 In Eqs. (4) and (5) below α and β are two empirical positive dimensionless numbers. Temkin's coefficient, α, representing the destruction rate of the activated complex compared to the overall reaction rate, was set to 1 (typically α = 1, 2, or 3 42 ), while β was used to test the sensitivity of the reaction to the deviation-from-equilibrium. When β = 1 a linear-TST law was used, whereas when β → 0 (β = 10 -20 in calculations), the affinity term was disabled and the precipitation or dissolution rates became independent of the degree of supersaturation of the solution.
Other siliceous, aluminous, and calcic secondary phases retrieved from the ThermoChimie database are allowed to precipitate: "SiO 2 (am)", "calcite", and the C-S-H studied by Blanc et al. 40 : "CSH0.8", "CSH1.2", and "CSH1.6".
Gel non-passivating end-members. Given the previous hypotheses concerning the compositions of secondary phases and PRI, the non-passivating gel composition could be calculated at any time.
In particular, the stoichiometry of the "final gel", i.e., the mineral where excess elements will precipitate after the formation of secondary phases could be deduced. The final gel controls the activities of Si and Zr at high reaction progress. At that time, all Zr is considered to be mobilized in the final gel and Na is integrated to compensate Zr charges, i.e., two Na atoms per Zr atom. 38 The estimated stoichiometry of this final gel is then SiZr 0.1 Na 0.2 O 2.3 (SiZr 0.1 Na 0.2 ).
We need to define at least two additional end-members. Controlling the activities of the dissolved Zr and Al before the RA requires (i) a Zr-rich end-member with respect to Si because this element is mobilized in large amounts in solution at the beginning of the tests: SiZrNa 2 O 5 (SiZrNa) and (ii) an Al-rich end-member to control the Al activity during the plateau phase while the PRI controls Si activity: SiAl 3 Ca 1.5 O 8 (SiAlCa). The choices of these stoichiometries involve a degree of arbitrariness even if they are guided by the respect of the evolution of the gel composition evaluated by the experiments. The set of proposed end-members must allow the control of the activity of aqueous species during the plateau phase. In particular, having an end-member with a Si/ Al ratio smaller than that of the SiZr 0.1 Na 0.2 end-member makes it possible to describe the depletion of Zr compared to Si in the gel during the RA. The solubility products of the end-members are adjusted by a fitting approach to account for the activities of the elements they control ( Supplementary Fig. 3 and Supplementary  Table 1 
Determining γ c and f n using seeded and unseeded tests The proposed approach was used to determine the zeolite growth rate γ c from seeded tests and the nucleation frequency f n = γ n × σ n from unseeded tests conducted by Fournier et al. 33 at various imposed pH values. The values of these parameters were determined by dichotomy and comparison with experimental data through a fitting approach (Table 2) . Their evolution with the pH is given in Fig. 1 . When β → 0 the nucleation and growth rates increase with increasing pH. Conversely, when β = 1 the growth rate varies little with the pH and shows no trend. Figure 2 and Supplementary Figs. 4-7 compare the modeled concentrations and those measured in solution in the tests conducted by Fournier et al. 33 The activities of B, Si, Al, and Na in solution were generally well reproduced by the model, although it may appear less convincing for the unseeded test at pH 90°C = 10.1. However, given the uncertainties, this result remains acceptable and can illustrate the achievement of the limits of the model for the less alkaline pH. When β → 0, the zeolites precipitation rate is maintained high throughout the experiment, which leads to a marked increase in the computing time by decreasing the calculation time step as the unaltered glass quantity decreases to zero; thus, some modeled curves cannot be compared with experimental data over the entire test duration. Note that the pH regulation is modeled by an average flow of a sodium solution causing a slight dilution of the solution, visible through a decrease of modeled concentrations when the glass is completely altered. These cases occur at pH 90°C ≥ 10.7: the total alteration of the glass results in reaching a final plateau. Application of the model for predictive purposes: case of unregulated pH medium The parameterization obtained in the previous sections is then used to describe a medium where the initial pH value is 10.7 at 90°C and then is allowed to change on its own. Figure 3 shows the results obtained when α = β = 1. At the first time, the model shows the formation of a very thin passivating layer that dissolves little. It is destabilized by the precipitation of a growing amount of zeolites and the glass reaches its maximum dissolution rate after about 10 days. Significant changes in the solution chemistry then occur: increase in Si concentration and decrease in Al concentration and pH; they cause an increase in the saturation index of the PRI, which tends towards 0 when the zeolites precipitation ceases. The decrease in pH is explained by the reduction of the alkalinity of the system due to zeolites precipitation (equation in Supplementary Discussion). Thus, in the absence of an external alkali source, the pH of the medium is determined by the ratio between the elements released by the glass behaving as weak acids and alkalis. For ISG this ratio is high enough to cause a decrease in pH. Such behavior has been observed recently for peraluminous glass. 43 The precipitation rate of zeolites then slows down before becoming zero, the RA is then stopped. When the modeled pH reaches 10.4, the glass alteration rate is 7 × 10 −3 g m −2 d −1 compared to 4 × 10 −2 g m −2 d −1 measured experimentally. 33 The final pH stabilizes at 10.1. The same calculations can be carried out without taking into account the deviation-from-equilibrium. In this case, the precipitation rate is pH-dependent: γ′ n and γ′ g are calculated using the following formulas: γ = γ′ × [HO − ] χ with χ = 1.1 for nucleation and 2.2 for growth (Fig. 1) . This calculation, before the time step drops, makes it possible to compare the effects of the deviation-fromequilibrium with those of the pH (Fig. 4) .
DISCUSSION
The following observations regarding the correlations between elementary concentrations can be made when comparing the measured solution concentrations in the seeded and unseeded tests 33 ( Fig. 2 and Supplementary Figs. 4-7) with those modeled.
• Al-Si correlation. During the plateau time period, Al is present in the SiAlCa end-member and the PRI (Eqs. (7) and (8)). During the RA, the decrease in the Al concentration is allowed by the SiAlCa end-member dissolution and the zeolites precipitation which subsequently controls the Al activity (Fig. 5) . This decrease in Al activity tends to be compensated Table 2 . Nucleation frequency (f n ) and rate growth (γ c ) per unit area by the increase in Si activity which tends toward saturation with respect to the PRI, which is nevertheless destabilized by zeolites and C-S-H growth (Eq. (9) 40 ). Silicon is partly mobilized in these secondary phases and the excess Si precipitates in the amorphous layer, which is then depleted in Zr and Na relative to Si (transition SiZrNa → SiZr 0.1 Na 0.2 in Supplementary Fig. 3 Fig. 2a ).
• B-Si correlation. The amount of B released during the plateau time period of the unseeded tests is consistent with the amount of dissolved Si required to reach the solubility of the PRI. This correlation confirms that the reactive diffusion is negligible given the conditions of the study. It should also be noted that for tests resulting in the complete alteration of the glass (pH ≥ 10.7), B concentrations are well reproduced by the model, confirming that B remains a good tracer of ISG alteration at high reaction progress in alkaline environments.
• B-Na correlation. The description of the Na flux due to pH regulation is satisfactory. However, the uncertainties induced by adding NaOH to maintain the pH in the tests make the quantification of the Na retention in the secondary phases and depleted gel impossible.
The description of zeolite precipitation kinetics by a law depending on t for seeded tests and t 2 for unseeded tests gives satisfactory results. However, the integration of the equations for minerals growing in several directions would show that the higher the dimensionality of the objects is, the higher the power of t will be. 44 The simplest resolution proposed in this study is a limiting case considered because experimental results make it impossible to determine the power of t more precisely.
The nucleation and growth rates were determined at each pH by dichotomy and comparison with experimental data for two different values of the deviation-from-equilibrium coefficient β. When the deviation-from-equilibrium is not accounted for in calculations (β → 0), there is no feedback effect from the environment on the precipitation rate of zeolites. Growth rate, γ c , variations are only affected by the pH and could be implemented in the code by applying a coefficient ≈2 to the HO − concentration (Fig. 1) . Conversely, when β = 1, the growth rate does not significantly vary with the pH: these calculations illustrate another borderline case where the pH has no effect on the precipitation of the zeolites. The tests conducted by Fournier et al. 33 do not allow to decorrelate the effects of the pH from those of the deviationfrom-equilibrium, to precisely specify the value of β. However, it appears that when the precipitation rate of zeolites is pHdependent, this phenomenon is faster and the decrease in pH is greater (Fig. 4) , thus shows that the modeled pH value depends on both the zeolites precipitation and the gel description. Nevertheless, for the two values of β in the absence of alkalis inputs, the model predicts alkalinity consumption during the RA, which induces a reduction in the zeolites precipitation rate.
Although it is important to be knowledgeable about the precipitated secondary phases as demonstrated by the implementation of some thermodynamic data for Na-P2 zeolites, the panel of zeolites considered in these calculations remains reduced. The thermodynamic data estimated for the Na-P2 zeolite were used for all the modeled pH, but this zeolite is no longer kinetically favored below pH = 10.4 under the experimental conditions used. 33 This limit is shown in Fig. 3 where the final pH stabilizes around 10.1, when the experimental data show that zeolites precipitation continues slowly. Moreover, other zeolites, such as analcime, could form in the long term, 5, 24 which makes the identification and acquisition of the thermodynamic data of these phases important.
The overall composition of the gel changes over time. This evolution is due to several factors. Among them, the change of the solution volume (changing the solution volume induces a change in gel composition as the elemental ratios in solution are different from those of the glass), and the pH variations that modify the speciation of elements in the solution and shift the equilibrium between the gel and the solution. There are another reasons related to the intrinsic evolution of the gel which undergoes hydrolysis and condensation reactions, 45 and to the precipitation of the secondary phases. The proposed model has a minimal number of end-members whose stoichiometries and solubility products can, to a certain extent, be chosen in intervals bounded by experimental constraints. If the model adequately describes the experimental data, the definition of the end-members is based on the assumptions described above. Moreover, it is likely that other end-member sets can also reproduce the data.
The PRI defined in this study is quite different from the one implemented in the GRAAL model parameterized for the 6-10 pH interval. This Si-Al-Ca PRI contains higher Al/Si and Ca/Si ratios than those of the ISG. As already explained, a predominantly siliceous gel would be too soluble and could not form during the plateau phase at alkaline pH. The contents chosen for Al and Ca are arbitrary to a degree, although it is undeniable that these two elements are of primary importance during the RA, because of their consumption during the precipitation of zeolites and C-S-H, respectively. Taking into account the effect of Al on the Si solubility of the amorphous layer 38 makes the modeling of RA possible. However, it is likely that the Si-Al-Ca PRI, as defined in this study, is under-saturated at circumneutral pH.
The proposed model highlights some limits related to the gel description. For an initially alkaline pH allowed to vary freely (Fig. 3 ) the predicted decrease in pH makes the silica less soluble, therefore promotes the formation of a gel richer in Si relative to Zr than the SiZr 0.1 Na 0.2 end-member allows. The choice of this single end-member to describe the activities of Si and Zr was only appropriate to describe a gel formed after a RA in a highly alkaline environment. When the pH decreases below 10, the use of this end-member (richer in Zr than Si) leads to a rapid consumption of Zr, whose activity in solution becomes very small, which causes the dramatic fall of the calculation time step. Such a result illustrates the limits of a too discretized description of the gel and the need to learn more about its chemistry.
To conclude, this study proposes an approach aiming at the geochemical modeling of the RA phenomenon. The nucleation and growth kinetics of zeolites, driving forces of glass alteration during RA, were implemented in the GRAAL model 26 and based on simple formalisms resulting in an evolution of the zeolites amount as a function of the square of the time for constant growth kinetics.
The description of the gel formed during glass alteration by the GRAAL model is based on a set of end-members. The composition and solubility products of these end-members, in particular those of the passivating end-member (or PRI), were adapted in this study to account for alkaline pH alteration mechanisms. In particular, some Ca was added to the PRI to make it less soluble and allow its formation during the plateau time period preceding the RA. The modeled dissolved activities are controlled by the solubility of the gel during the plateau time period, and subsequently by the secondary phases: zeolites and C-S-H, during the RA. The stoichiometries and solubilities of these phases must, therefore, be well characterized. In particular, the model validity depends on the PRI description and the ability of the geochemical code to account for its compositional variations due to pH changes and secondary phases precipitation. The calculations carried out show the importance of the description of Al and Ca activities in the modeling of RA and the effect of Al on the silica solubility. In this study, the proposed description of the gel was based on a minimum number of endmembers and had sufficient degrees of freedom to properly describe the experimental data. For the first time, the moment when a RA occurs is described. This is an important result because this phenomenon can be observed experimentally after many years.
The predictive nature of the GRAAL model is related to the relevance of the end-members choice. In addition, better characterization of the stoichiometry of the PRI would require the experimental study of simplified glasses, without Ca or Al. Furthermore, the PRI composition must be able to vary with pH in the GRAAL model. This will require new mathematical developments of the CHESS/HYTEC code. Generally, these results are evidence of the need to have an applicable end-members set from neutrality, as it is the case in the "current" GRAAL model, to alkaline pH values such as in this exercise.
METHODS
The framework of the GRAAL model 26 was chosen to model RA. The GRAAL model accounts for the chemistry and solubility of the amorphous layer formed during glass alteration and assumes that this layer is passivating when Si and Al are adequately retained. We chose this model because a high Si retention is needed to achieve passivation and a strong effect of Al on the apparent silica solubility was observed experimentally. 38 The transport properties of the PRI are modeled using a diffusion coefficient D PRI constant in time and space. Thus, the elemental flow through the PRI is proportional to the diffusion coefficient and inversely proportional to the PRI thickness x. Equation (10) describes the variation of the PRI thickness dx/dt as a function of the glass initial dissolution rate r 0 , the PRI ionic product Q PRI and solubility constant K PRI :
The PRI is differentiated from the non-passivating gel layer. The composition and the stoichiometry of the gel are modeled by a set of end-members composed of Si, Al, Ca, Zr, or Na. The compositions and solubilities of the end-members are derived from an empirical approach carried out on "simple" glasses. 38 In this study, equations were implemented using the CHESS/HYTEC code v.3.2. 32 The thermodynamic database used was ThermoChimie v.9. 41 The diffusion coefficient through the PRI, D PRI , was derived from the study of Chave et al. 46 using SON68 glass. It should be noted that it has never been demonstrated that the D PRI values given by Chave et al. 46 could be extrapolated beyond pH = 10. However, taking the diffusion into account or not will not impact the results of the calculations carried out for alkaline pH.
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